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2000 UTC, corresponding to 0700, 1100, and 1500 LST, respectively. The back trajectories for this project were calculated using the wind and temperature fields of the National Meteorological Center Nested Grid Model (MNC-NGM) [Hoke et al., 1989] . The NGM provides assimilated observations combined with 12-hour forecast fields of high spatial and temporal resolution, and includes dynamically consistent vertical velocities at 10 terrain-following sigma levels between the surface and ---400 hPa. Using these model fields, and the HY-SPLIT trajectory code [Draxler, 1992] three-dimensional trajectories of air parcel transport were calculated back from Harvard Forest.
To determine the height from which to start the trajectories, the depth of the surface mixed layer was determined from the NGM temperature profile, and the trajectories were initiated from this height in an effort to represent the origin of air parcels advected in the mixed layer. This meant we did not calculate trajectories for the same starting height every day. For example, on days with a surface-based temperature inversion, trajectories were initiated from the model's lowest sigmalevel, while on other days, for example, in the well-mixed summer atmosphere behind a cold front, the top of the mixed layer was a few thousand meters above the surface. Table 1 illustrates the number of trajectories calculated by month, and the median mixed-layer height for the Harvard Forest NGM gridcell based on the NGM model potential temperature lapse rate. It shows the climatological seasonal variation of shallow mixed layers during the cool months, transitioning to the deepest mixed layers in summer months, when surface heating (represented here by ambient air temperature measured at Harvard Forest) is most significant. These observations are very similar to the seasonal variation in afternoon mixing depths over the eastern United States which Holzworth [1967] derived from morning radiosonde profiles and local surface temperatures. While this average condition may be climatologically expected, when we assess all the trajectories, there are significant differences in day to day The top of the mixed layer was determined from gridded NGM data for each back trajectory calculated in this study.
Note: n is the number of back trajectories calculated during the month; HF air temperature is the mean monthly ambient air temperature corresponding to each trajectory time as measured on the Harvard Forest tower; nT is the number of temperature measurements used (nT is consistently lower than n because of missing data). mixed-layer depth driven by regional-scale weather patterns that may have a controlling influence on air mass chemical variability. These differences in mixed-layer depth and air mass origin are what we seek to describe with a pattern recognition analysis of back trajectories. Figure 1 illustrates the median mixed-layer height by season and time of day. From this it is apparent that the mixed layer is significantly more shallow in the morning and is deepest during the afternoon. Again, this is consistent with the earlier results of Holzworth [1967] ; however, the average aftemoon mixed-layer depths in this study are deeper by 200-400 m. Given that these mixed-layer depths are based on the temperature structure from the NGM model, which has only 10 vertical levels between the surface and 400 mbar, this overestimate may be real. If no stable layers (regions where the potential temperature exceeded 1 ø C km '•) were detected in the model profile, then the mixed-layer depth defaulted to the top sigma level. These cases will contribute to this overestimate. In spite of the shortcomings inherent in using this regional-scale model with its limited resolution, we have made this effort to characterize changes in mixed-layer depth. This variability can have multiple effects on chemical concentrations. For example, diurnal variation in mixed-layer depth contributes to diel concentration cycles. For local or surface source pollutants (like anthropogenic hydrocarbons and CO), the concentrations can build up over night, so that maximum concentrations will be observed in the morning, and as the mixed layer deepens, concentrations will be diluted . However, for a depositing species like 03, concentrations may be depleted in a shallow mixed layer. Furthermore, if the transport of photochemically aged air is making a contribution to the site, concentrations of 03 are likely to increase as the mixed layer deepens and air masses that have been isolated from the surface are mixed downward. This entrainment mechanism can also contribute to increased ozone from natural sources, particularly in late winter and spring when stratospheric intrusions into subsiding air masses are expected to contribute to enhanced ozone in the free troposphere [Moody et al., 1995] .
Three different averaging periods were established to describe the chemical data corresponding to trajectories. Each 0700 trajectory was matched with chemical data representing the 3-hour average from 0600-0900 LST on that day. The 1100 trajectory was matched with chemical data representing the 3-hour average from 1000-1300, and each 1500 trajectory was matched with chemical data representing the 3-hour average from 1400-1700 on that day. The 3-hour averages were calculated using available data, so if 2 of the 3 hours were missing, the 1-hour value present represents the mean for that averaging period. This helped to reduce the impact of missing chemical data.
Back Trajectory Pattern Analysis
To identify days characterized by similar regional-scale transport, we analyzed the trajectory data using a pattern recognition routine. The University of Virginia (UVA) Patterns in Atmospheric Transport History (PATH) model was developed to accomplish this task. The result of the PATH analysis is a number of sets of back trajectories, with each set represented by trajectories which describe similar 3-D transport to the receptor. Similarity is quantified relative to the overall amount of variability present in the modeled This represents the three-dimensional distance between two trajectories i and j, where k is the number of back trajectory endpoints used to characterize the transport. For the work presented here, k=-24; and, since these are 2-hour model time steps, the distance describes the relative similarity of trajectories going back 48 hours. Trajectories were calculated 72 hours back; however, more than 15% of these left the model domain or encountered missing meteorological data before extending 3 full days back. Therefore, 48 hours was determined to be sufficient to identify regional-scale transport patterns and retain over 85% of the trajectories as complete.
To group the trajectories, we chose a radius of proximity and, using each trajectory recursively as a center, located all the trajectories determined to be within the radius of proximity to that center. In this way, we defined a neighborhood of proximate trajectories for each individual trajectory. Initially, these groups were not exclusive. We defined the core of the first feature, or path, by selecting the individual trajectory with the largest neighborhood, the largest number of trajectories within the radius of proximity. These were grouped together, and these trajectories were removed from the analysis. The neighborhoods for each trajectory were then recalculated; and, again, the trajectory with the largest number of neighbors within the radius of proximity was selected and its members were removed from the analysis. The designation of pattern centers continued until there was no longer a center which had at least 2.5% of the original number of trajectories within a radius of proximity (this excluded the formation of small, statistically insignificant, flow features); thus the procedure continued until no valid neighborhoods remained. At this point, all of the ungrouped trajectories were reanalyzed to assign them to 
Designation of PATH
Plate 1 shows the trajectory PATHs derived from the data from January 1, 1990, through December 31, 1993. The probability mapping illustrates the likelihood of trajectories having passed over a location, with warmer colors (e.g., pink) representing higher probability. These fields are based on a method of representing each back trajectory as a twodimensional probability field [Samson and Moody, 1981] and summing the probability fields of all trajectories making up a PATH. The probability field is normalized relative to the maximum probability associated with a given grid cell, with the probabilities calculated on a grid approximately 80x80 km square at the latitude of Harvard Forest. The contour intervals designate grid cells where the probability of a trajectory passing over that cell was 10% of the maximum probability, 20% of the maximum probability, 30% of the maximum probability, etc. up to the grid cell with the highest Each flow pattern has been assigned a descriptive name which gives an indication of the transport represented by these back trajectories. The names of these patterns and their frequency of occurrence are shown in Table 2 . We can compare the relative frequency of occurrence of each PATH by season, as shown in Figure 2 . From this, it is apparent that there is a greater occurrence of relatively low-speed transport "local" flow during the warm half of the year (22% versus 17%), as well as a higher frequency of warm season highpressure days illustrated by anticyclonic transport patterns (15% versus 10%). By contrast, the cool months show a higher frequency of transport from a westerly or northwesterly direction (45% versus 36%).
Seasonality by PATH
In Figure 3 For the Harvard Forest transport patterns associated with high concentration of both short and long-lived pollutants (e.g., CO, NO x, and ethane in Local and SW flow), we see a distinct minimum in 03 under these conditions in winter. However, during the summer, under these polluted flow patterns, some of the photochemical production potential of these emissions are realized, and concentrations are enhanced of the order of 10-15 ppb over background (if we consider background to be represented by the northerly path). However, the highest ozone mixing ratios in the summer are associated with transport from the west. These trajectories are correlated with sunny skies, deep mixed layers, above average temperatures, enhanced isoprene concentrations, and relatively low water vapor conditions, and the median 03 is 20 ppb above the background. We will show that these air parcels may be more photochemically productive, and, based on transport PATH, they suggest a contribution from Midwestern source regions to regional-scale 03 events over the northeastern United States. This ozone contribution is greater than the oxidant levels associated with flow from the SW which encompasses major eastern urban centers.
Summary of PATH Physical and Chemical

Characteristics
In order to summarize the chemical differences in air mass composition based on differences in atmospheric transport history, it is important to take into account the significant In summary, we find that trajectory-defined regional-scale transport PATH can explain a statistically significant amount *Water vapor mixing ratio calculated from the T, RH, and pressure at the site.
*Ambient temperature measured on the Harvard Forest tower. õPhotosynthetically active radiation.
of the variation in chemical species with mainly anthropogenic sources and with long lifetimes; it can also account for different physical air mass characteristics like water vapor content. However, for a reactive species like 03, which has both photochemical and natural sources, and variable loss mechanisms, this general approach to assess variability in mixing ratios is less effective.
Discussion
There are several factors which may introduce variability into the chemical composition for periods characterized to have similar regional-scale transport history. One is mixedlayer depth, or the amount of vertical mixing. Munger et al. [1996] has hypothesized that the trapping of emissions near the surface in shallow mixed layers contributes to diel chemical cycles. In this paper, we used the NGM model mixed-layer depth to make some comparisons. For example, we compared CO versus mixed-layer depth under SW transport for the winter quarter only (December-February). We found 83% of the high CO mixing ratios (greater than 250 ppb) were associated with mixed layers less than 1000 m deep. By contrast, only 37% of CO mixing ratios less than 250 ppb in this PATH had mixed-layer depths of 1000 m or less. A similar analysis of the Local PATH in the warm season (which also had high median CO mixing ratios) found Table 5 Average photochemical age.
that 59% of the CO mixing ratios greater than 250 ppb occurred within shallow mixed layers of 1000 m or less although only 31% of the CO mixing ratios less than 250 ppb occurred with these shallow mixed depths. In addition, we know that even under the same transport PATH, some trajectories may have passed more directly over specific source regions. It is also apparent that if the air parcel elevation as some time upwind is above the local mixed-layer depth for that source region, it is unlikely that the air parcel will be influenced by surface emissions from that location. In order to more specifically address the residual variation within transport PATHs, we will need to look at extreme events within a given transport pattern for a specific averaging time, and quarter, and more carefully assess the meteorological conditions associated with each of these chemically anomalous events. These case studies will be presented in a separate paper.
O3 Versus Other Pollutants
The statistically significant differences in composition between flow paths presented in section 3 are enough to provide a general picture of the ways in which regional-scale transport influences chemistry. However, we would also like to discern differences in chemical ratios which might help explain different atmospheric processing based on atmospheric transport history.
In an effort to assess differences in 03 sources, and air mass photochemical age, we have focused on the late morning, and afternoon period (1000-1300 and 1400-1700), using only data from the summer months (June-August). We There is uncertainty in the use of any of these statistical measures of ozone correlation (03 versus NO:, O3/CO, photochemical age), and it is important to acknowledge that factors such as surface uptake of 03 and wet removal of NOy may limit our ability to interpret these relationships. Nonetheless, a reasonably consistent picture emerges when these chemical relationships are considered together and when they are viewed in the context of air mass transport history and the potential differences in source region that different PATHs represent. Our results support the conclusions that 03 is less correlated with NO: in urban or unaged air masses (e.g., SW PATH) relative to rural or aged air masses (e.g., W PATH). We acknowledge it is also possible for the 03 versus NO: slope to increase not due to chemistry but as a result of NOy removal (e.g., anticyclonic flow).
In an effort to further assess the events associated with enhanced summer 03 mixing ratios, we looked at the subset of 3-hour averages when 03 was greater than 50 ppb. In the summer months, 39% of the data met this criteria. When we analyzed this subset by PATH, it was apparent that a higher fraction of the westerly PATH, two thirds or 66%, had enhanced 03. The majority of local PATH events (55%) also had enhanced 03 concentrations during the summer. It was common for these enhanced 03 averages to occur for subsequent days, with frequent transitions from the local PATH to the W PATH.
These observations are consistent with the work of Logan [1989] which identified 03 episodes at rural sites that were regional in scale, persisting for multiple days, and occurring under slow-moving highpressure systems. Both the local and W PATH meteorological conditions are consistent with summer highpressure systems. The fact that high 03 was consistently observed under the W PATH is good evidence of the broad regional extent of these episodes.
Corroborating Source Regions
We have used the trajectory data to characterize patterns in atmospheric transport history and to illustrate that PATH does influence chemical concentrations.
To corroborate these results, and assess the robustness of our conclusions, we have used the chemical data to describe the origin of (1) background air and (2) 
